The microaerophilic enteric pathogen Campylobacter jejuni is one of the most frequently isolated causes of bacterial diarrhea; thus, Campylobacter infection is a major public health and economic burden (48) . The clinical spectrum of Campylobacter enteritis ranges from a noninflammatory watery diarrhea to a severe inflammatory diarrhea. The mechanisms involved in pathogenesis are not well characterized but may include damage to the intestinal epithelium by host cell invasion and toxin production (27) . Complications associated with Campylobacter infection include Guillain-Barré syndrome (4, 33) .
When colonizing a host, C. jejuni must compete in the intestine with other bacteria for the available nutrients, including iron. In host tissues, the availability of free iron is very low, as most iron is complexed with host proteins such as hemoglobin and transferrin. This low iron concentration constitutes a nonspecific defense mechanism, but conversely, successful pathogens can use it as a stimulus to express virulence factors like toxins and other factors required for in vivo growth (7, 31) .
Iron is an essential nutrient for almost all living organisms. It is needed as a cofactor by several enzymes and as a catalyst in electron transport processes. However, in the presence of oxygen, iron is also capable of generating oxygen radicals which can damage DNA, proteins, and membranes. Iron homeostasis therefore has to be carefully balanced, and this is achieved by tightly controlling the uptake, metabolism, and storage of iron. At a molecular level, gene expression is coupled to the intracellular concentration of Fe 2ϩ . Iron-regulated gene expression in gram-negative bacteria is generally under the control of the Fur (ferric uptake regulator) protein. This protein, encoded by the fur gene, represses the transcription of iron-regulated promoters in response to an increasing intracellular Fe 2ϩ concentration. It has been suggested that Fur binds to control sequences (Fur boxes) overlapping Fur-regulated promoters when the intracellular Fe 2ϩ concentration is high enough to allow the formation of a complex consisting of a Fur dimer and Fe 2ϩ (13, 47) . It is thought that the N terminus of Fur contains the DNA-binding domain, whereas the C terminus contains the dimerization and Fe 2ϩ -binding domains (47) . Fur was first identified in Salmonella typhimurium (15) and has been most extensively characterized in Escherichia coli (21, 43) . Fur homologues have been identified in several other gram-negative bacteria, including Pseudomonas species (39, 57) , Vibrio species (28, 30, 51) , Neisseria species (3, 25, 49) and Yersinia pestis (45) . The mutation of fur has enabled investigation of the function of Fur and identification of members of the Fur regulon. Insertional mutagenesis has been possible in only a few bacterial species, including E. coli (53) , Vibrio cholerae (28, 29) , Vibrio vulnificus (30) , and Y. pestis (44) ; in most other bacterial species, including Pseudomonas spp. (39, 58) , Neisseria gonorrhoeae (50) , and Vibrio anguillarum (60) , only strains with point mutations in the fur gene could be isolated. Upon growth in iron-depleted and iron-supplemented media, fur mutants show pleiotropic phenotypes, ranging from chromosomal deletions in Y. pestis (44) to delayed aerobic growth and impaired iron uptake in Pseudomonas aeruginosa (23) .
Campylobacter species contain a fur homologue, which was described in 1994 by Wooldridge et al. (62) and later by another group (5, 10) . Iron-regulated outer membrane proteins of C. jejuni were described by Field et al. (17) , and the gene encoding a 75-kDa iron-regulated outer membrane protein (CfrA) of Campylobacter coli has been identified (20) . Ironregulated expression of two C. jejuni oxidative stress enzymes, alkyl hydroperoxide reductase (AhpC) and catalase (KatA), was demonstrated recently (2), but regulation of AhpC and KatA expression by Fur has not been reported.
In this study, we constructed the first mutation of a Campylobacter regulatory gene. Analysis of the strain carrying this mutation has enabled us to (i) determine if previously recognized iron-regulated proteins are part of the Fur regulon and (ii) identify new members of the iron and Fur regulons.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The strains and plasmids used in this study are listed in Table 1 . C. jejuni was routinely maintained on Mueller-Hinton (MH) medium (Oxoid, Basingstoke, United Kingdom) supplemented with vancomycin (10 g/ml) and trimethoprim (5 g/ml) in a variable atmosphere incubator (Don Whitley, Shipley, United Kingdom) containing 85% N 2 , 10% CO 2 , and 5% O 2 . Low-iron conditions were achieved by supplementing MH medium with the iron chelator deferoxamine mesylate (Desferal; Sigma Chemical Co.) to a final concentration of 20 M. High-iron conditions were achieved by supplementing MH medium with Fe(III)SO 4 to a final concentration of 40 M. Minimal essential medium, alpha modification (MEM␣; Gibco), was used as a defined low-iron medium, as it contains no added iron source. E. coli was grown aerobically in Luria-Bertani medium (42) at 37°C. When antibiotic selection was necessary, the growth medium was supplemented with ampicillin (100 g/ml), kanamycin (50 g/ml), or chloramphenicol (20 g/ml).
Recombinant DNA techniques. Restriction enzymes and T4 DNA ligase were purchased from Gibco BRL. All enzymes were used according to the manufacturer's instructions. Standard protocols were used for manipulation of DNA and transformation of E. coli (1, 42) and C. jejuni (32, 56, 59) . Genomic DNA of C. jejuni was prepared as described by Ausubel et al. (1) . Plasmid DNA was prepared by using affinity columns (Qiagen). DNA sequencing was performed with an Applied Biosystems model 377 DNA sequencing system and a Taq Dye Deoxy Terminator cycle sequencing kit (Applied Biosystems). Southern blots were prepared by standard protocols (42) . Probes were labelled with a Gene Images fluorescein-based system (Amersham); hybridization and detection were performed with a Gene Images chemiluminescence detection module (Amersham).
PCR. PCR was used for introduction of mutations in fur and was performed with Taq polymerase (Advanced Biotechnologies, Epsom, United Kingdom) on an Omnigene Thermal Cycler (Hybaid, Ashford, United Kingdom). A BglII restriction enzyme site was introduced in pAV25 in the region encoding the N terminus of Fur by inverse PCR mutagenesis by using primers 5Ј-ggaagatctCC ACATTTTCTATCAGCAT and 5Ј-ggaagatctAAGACAAGGCGGACTTAA under standard conditions (63) . The BglII restriction enzyme site added to the primers is in lowercase and underlined, the "clamp" sequence (not complementary to fur gene) is in lowercase, and the primer sequence complementary to the fur gene sequence is in uppercase.
Protein analysis. C. jejuni wild-type and mutant strains were grown in irondepleted or iron-supplemented medium, pelleted, washed with phosphate-buffered saline, and subjected to cell fractionation to produce periplasmic, cytoplasmic, and outer membrane fractions. C. jejuni cells were pelleted, washed twice with TES (10 mM Tris-HCl [pH 7.5], 10 mM EDTA, 25% [wt/vol] sucrose), subsequently resuspended in ice-cold H 2 O to a final optical density at 600 nm (OD 600 ) of 30, and incubated 10 min on ice. After centrifugation at 13,000 ϫ g for 5 min, the supernatant (periplasmic) fraction was removed. Spheroplasts were resuspended in an equal volume of 10 mM Tris-HCl (pH 7.5) and disrupted by sonication. Crude membranes (pellet) were separated from the cytoplasmic fraction (supernatant) by ultracentrifugation at 100,000 ϫ g for 10 min. Inner membranes were solubilized in 10 mM Tris-HCl (pH 7.5)-7 mM EDTA-0.6% (wt/vol) sarcosyl for 20 min at 37°C; outer membranes were pelleted by ultracentrifugation and then washed twice with and finally resuspended in 10 mM Tris-HCl (pH 7.5). Samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently stained with Coomassie brilliant blue. N-terminal amino acid sequences were determined from proteins transferred to Fluorotrans membranes (Flowgen Laboratories), using Edman degradation on an ABI model 476 sequencer (Applied Biosystems). Approximately 30 g of protein was separated by two-dimensional (2-D) electrophoresis using a Multiphor II electrophoresis unit (Pharmacia LKB, Uppsala, Sweden). Isoelectric focusing was performed on 18-cm Immobiline DryStrips (Pharmacia) with a pH range of 3 to 10, and proteins thus focused were separated according to molecular weight (MW) on a SDS-containing ExcelGel (Pharmacia) with an acrylamide concentration gradient from 12 to 14%. Proteins were subsequently silver stained according to the manufacturer's instructions.
Nucleotide sequence accession number. The sequence of the pAV25 insert containing C. jejuni NCTC 11168 fur and upstream and downstream sequences has been deposited in the GenBank database under accession no. AF052056. 
RESULTS
Isolation and site-directed mutagenesis of C. jejuni NCTC 11168 fur. In C. jejuni, the fur gene is located in front of the lysS (9) and glyA (8) genes, and these three genes appear to be cotranscribed (10) . To increase the efficiency of homologous recombination, we cloned the C. jejuni NCTC 11168 fur gene and flanking regions in pBluescript as a 1.9-kb HindIII fragment from a cosmid library of C. jejuni NCTC 11168 (26) . Determination of the nucleotide sequence of this clone, designated pAV25, showed that it contained the fur gene of 474 bp, with 373 bp of upstream sequence and 1,058 bp of downstream sequence containing part of the lysS gene ( Fig. 1) . Two sets of constructs based on pAV25 were made by insertion of either a kanamycin resistance (Kan r ) or chloramphenicol resistance (Cm r ) cassette into the fur gene ( Fig. 1 ). The first set of constructs introduce a mutation toward the 3Ј end of the fur gene by insertion of the resistance gene into a unique BclI site in the fur gene. This interrupted fur gene would be predicted to encode a truncated protein of 101 amino acids. This truncated gene was not capable of complementing the fur mutation of E. coli H1780 (data not shown), unlike the intact gene (62) . A second set of mutant constructs was generated by inverse PCR mutagenesis (63) which introduced a unique BglII site and stop codons in the region encoding the N terminus of the Fur protein. After introduction of the Kan r or Cm r cassette, these interrupted fur genes would be predicted to encode a truncated Fur protein of only seven amino acids. The interrupted fur genes with the antibiotic resistance genes in both transcriptional orientations were introduced into C. jejuni NCTC 11168 by electroporation, and selection for Kan r or Cm r was used to isolate clones resulting from allelic replacement of the wildtype fur gene by the mutagenized derivatives. Kan r or Cm r colonies were obtained only by using constructs containing the antibiotic resistance genes in the same transcriptional orientation as the fur gene. This observation suggests a polar effect of the mutation. Replacement of the wild-type genes by the mutated copies was confirmed by Southern hybridization (Fig. 2 ). An internal SspI fragment of C. jejuni fur (Fig. 1 ) was used as a probe and hybridized with HindIII-digested genomic DNA. In C. jejuni NCTC 11168, this probe hybridizes with a ϳ1.9-kb fragment (Fig. 2, lane A) . The inserted kanamycin resistance gene contains an HindIII site; thus, insertion of the Kan r cassette in fur will result in hybridization with fragments of ϳ2.1 and ϳ1.3 kb (Fig. 2, lane B) . Similar experiments were performed to ensure the presence of the Kan r cassette and the removal of plasmid sequences (data not shown). Identical phenotypes were obtained with mutants with either the kanamycin or chloramphenicol resistance gene inserted in the regions encoding the N and C termini of Fur (data not shown). This result indicated that neither the presence nor the location of the resistance genes had any detectable influence on the phenotype of the fur mutants.
Growth of the C. jejuni fur mutant at different iron levels. The effect of the fur mutation in C. jejuni AV17 on growth was determined in iron-supplemented and iron-restricted MH medium. Low-iron conditions were achieved by supplementation of MH medium with the iron chelator Desferal. High-iron conditions were achieved by the addition of FeSO 4 to MH medium. To confirm the results obtained with MH medium, the experiments were repeated with a defined low-iron medium (MEM␣), which was supplemented with FeSO 4 to create high-iron conditions. Growth curves thus obtained are shown in Fig. 3 . Growth characteristics of C. jejuni NCTC 11168 were 
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fur REGULATION IN C. JEJUNIsimilar to those of other C. jejuni strains tested previously under low-and high-iron conditions (17, 38) . In MH media (Fig. 3A) , chelation of iron had a strong inhibitory effect on the growth of both C. jejuni NCTC 11168 and C. jejuni AV17. In iron-supplemented medium, growth of both NCTC 11168 and AV17 was strongly stimulated. The growth rate of the fur mutant AV17 was lower than that of NCTC 11168 in both conditions, although the final OD 600 levels achieved in this experiment were similar. In contrast to fur mutants in some other bacteria (44, 53) , growth in high-iron conditions does not seem to have deleterious effects on the C. jejuni fur mutant. Growth in defined medium (MEM␣ [ Fig. 3B] ) gave similar results, as the growth rate of the fur mutant was lower. In contrast to MH media, supplementation of MEM␣ with FeSO 4 did not stimulate growth. Effect of the fur mutation on iron-regulated protein expression. The protein profiles of C. jejuni NCTC 11168 and the fur mutant AV17 grown in low-and high-iron conditions were compared to identify proteins whose expression becomes derepressed in the fur mutant. C. jejuni was grown under the conditions described above and fractionated into cytoplasmic, periplasmic, and outer membrane fractions. Proteins were separated on SDS-polyacrylamide gels and stained with Coomassie brilliant blue. Protein profiles of all fractions of C. jejuni NCTC 11168 and AV17 are presented in Fig. 4 . When not further identified, iron-regulated proteins observed in these fractions are designated Irc, Irp, and Iro (iron-regulated cytoplasmic, periplasmic, and outer membrane proteins, respectively).
The cytoplasmic fraction contained two iron-repressed proteins with approximate molecular masses of 26 and 55 kDa (Fig. 4A ). These proteins have been previously identified (2) as the small subunit of alkyl hydroperoxide reductase (AhpC; 26 kDa) and catalase (KatA; 55 kDa) (19) . The genes encoding these proteins both have a putative Fur box in their promoter regions (2, 19) . Surprisingly, the expression of these two proteins was not derepressed in the fur mutant but was lower in the fur mutant background. Two iron-induced proteins with molecular masses of 31 and 40 kDa (Irc31 and Ccp [ Fig. 4A]) were also identified, and their expression was lower but not derepressed in the fur mutant. The 40-kDa protein has been identified as a cytochrome c peroxidase homologue (11, 41) .
The periplasmic fraction was obtained by osmotic shock and contained at least four iron-repressed proteins of 36, 32, 29, and 19 kDa (Irp36 [CeuE], Irp32, Irp29 [ChuD], and p19), whose expression was derepressed in the fur mutant. These proteins are indicated in Fig. 4B . An iron-repressed protein of 26 kDa is probably identical to AhpC and derived from contamination with the cytoplasmic fraction.
The outer membrane protein fraction (Fig. 4C ) of C. jejuni NCTC 11168 contained three iron-repressed outer membrane proteins with molecular masses of approximately 70, 75, and 80 kDa (ChuA, CfrA, and Iro80). The 75-kDa outer membrane protein was later identified as CfrA, whereas the ChuA protein   FIG. 3 . Growth curves for C. jejuni wild-type strain NCTC 11168 and fur mutant strain AV17 in low-and high-iron MH media (A) and the defined medium MEM␣ (B) at 37°C under microaerophilic atmospheric conditions. ‚, NCTC 11168 in low-iron medium; E, NCTC 11168 in high-iron medium; OE, AV17 in low-iron medium; F, AV17 in high-iron medium. represents a new siderophore receptor homologue (see below). Iron-repressed outer membrane proteins of similar molecular masses have been previously described as being iron regulated in other C. jejuni (17, 38) and C. coli (20) strains. All three iron-repressed outer membrane proteins showed derepressed expression in the fur mutant AV17 (Fig. 4C) . The fur mutant also showed different levels of expression of ChuA and CfrA in comparison to the wild type. The fur mutant expressed ChuA at much higher levels than CfrA. In contrast, C. jejuni NCTC 11168 expressed ChuA and CfrA at similar levels in ironrestricted conditions. ChuA is expressed at higher levels in the fur mutant than in wild-type C. jejuni; conversely, CfrA is expressed at lower levels in the fur mutant than in the wild type. This finding suggests that in addition to being under Fur regulation, both ChuA and CfrA proteins may be subject to regulation by one or more other regulatory circuits. To confirm that expression of all of these proteins was indeed regulated by iron, protein profiles were also obtained from cells grown in MEM␣ and MEM␣ supplemented with FeSO 4 . Protein profiles thus obtained were identical to those obtained for cells grown in MH media (e.g., Fig. 4C) .
Identification of novel C. jejuni Fur-regulated proteins. To identify proteins whose expression was derepressed in the fur mutant, we analyzed their N-terminal amino acid sequences and compared them with entries in the GenBank/EMBL nucleotide and protein databases. The N-terminal amino acid sequence (QNVELDS) of the 75-kDa outer membrane protein was identical to that of the C. coli CfrA protein (20) . The N-terminal amino acid sequence of the ChuA protein (QESNKAINLQKVVVSTD) did not show significant homology to any amino acid sequence in the database. In addition, an internal amino acid sequence (NTGKMSKN) was determined to allow cloning of the chuA gene. The N-terminal amino acid sequence of the 19-kDa periplasmic protein (GEVPIG DPKELNGMEIAAV) was identical to that of p19, a previously described 19-kDa periplasmic protein of C. jejuni (24) .
Further identification of a number of proteins in the C. jejuni iron and Fur regulons was performed by 2-D gel electrophoresis. Cells grown overnight in iron-restricted and iron-supplemented MH media were separated by pI, and MW and protein profiles were compared for differences in expression under these conditions. Proteins were designated as iron regulated only when a major difference in expression was noted. The total number of iron-regulated and Fur-regulated proteins and examples of four different classes of regulation are presented in Fig. 5 . 
DISCUSSION
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fur REGULATION IN C. JEJUNItration has to be monitored carefully in order to obtain enough iron to satisfy the cell's metabolic requirements without overloading the cell with iron that could lead to oxidative stress. This is achieved by repressing the expression of genes involved in iron uptake once the intracellular Fe 2ϩ reaches a critical level. The number of Fur-regulated genes in gram-negative bacteria varies considerably. This is probably a reflection of the size of the genome and the number of iron-containing compounds the organism can utilize. E. coli, for example, has eight different iron uptake systems (61) and can utilize iron-containing host compounds. It can also use siderophores (small secreted iron-scavenger molecules) produced by other microorganisms. In contrast, only some strains of C. jejuni secrete siderophores (38) . The strains tested were capable of utilizing enterochelin, ferrichrome, hemin, and hemoglobin but not aerobactin, Desferal, ferritin, lactoferrin, or transferrin (17, 38) .
Several techniques have been used to identify Fur-regulated genes. Stojiljkovic et al. (46) developed an E. coli-based Fur titration assay that detected putative Fur-regulated genes in S. typhimurium (54) . However, we have been unsuccessful in adapting this assay to C. jejuni (55) . Using selective amplification based on in vitro binding of Fur-regulated promoters to recombinant Fur, Ochsner and Vasil (35) isolated 20 putative Fur-regulated genes of P. aeruginosa. An adaptation of this approach for use in Campylobacter spp. is currently under investigation.
A third method has been the construction of fur mutants and subsequent identification of iron-regulated proteins whose expression is derepressed. We used insertional mutagenesis using antibiotic resistance genes, as this is, to date, the only way of constructing targeted mutations in Campylobacter. Insertional mutagenesis of fur has not been possible in several bacteria, including P. aeruginosa (39) , N. gonorrhoeae (50) , and V. anguillarum (60) . Fur expression seems to be essential in these species. In C. jejuni, we were able to isolate insertional mutants in fur, but this was dependent on the orientation of the antibiotic resistance gene. It is most likely that the requirement for a specific orientation is due to polar effects on the expression of the two genes directly downstream of fur. The fur gene in both C. jejuni (10, 62) and Campylobacter upsaliensis (5) is followed by the lysS and glyA genes, which encode the housekeeping enzymes lysyl-tRNA synthetase and serine hydroxymethyltransferase, respectively (8, 9) . So far, this gene organization seems to be unique to Campylobacter spp. The expression of lysS and glyA seems to be coupled to that of fur (10) , and the start codon of lysS follows the stop codon of fur directly. The insertion of an antibiotic resistance gene in the direction opposite to that of fur could disrupt the formation of a multicistronic mRNA containing fur, lysS, and glyA. However, if the antibiotic resistance gene were inserted in the same direction as fur, it would allow the formation of a multicistronic mRNA containing the antibiotic resistance gene, lysS, and glyA, as neither of the antibiotic resistance genes has a transcriptional terminator downstream. The level of LysS and GlyA under these conditions may be suboptimal and deregulated; therefore, caution must be used in attributing the phenotype (especially the difference in growth rate from the wild type) exclusively to the absence of Fur.
C. jejuni is not amenable to the use of shuttle vectors for complementation experiments; thus, the introduction of either fur or lysS-glyA was not possible. Although NCTC 11168, like most C. jejuni strains, does not readily accept shuttle vectors, it is transformable and is being used for the genome sequencing project. The availability of the genome sequence facilitated the analysis of differential expression of proteins in fur mutants and was particularly important due to the significant variation of iron transport systems across different C. jejuni strains. As lysS and glyA are cotranscribed with fur and possibly other upstream members of the operon, it is likely that the growth phenotype observed with the fur mutant is due to uncontrolled and increased expression of LysS and GlyA. Meaningful complementation analysis of the polar effect on lysS-glyA would be complicated by the requirement to use a multicopy shuttle vector, plasmid selection, and an alternative non-fur promoter. Similar problems would be encountered during an attempt to complement the fur mutation. In addition, the use of a multicopy plasmid is likely to lead to compensatory mutations in the complementing fur sequence as observed in an E. coli background (55) . As fur may be autoregulated (10) and we have not definitely identified the fur promoter, the expression of a complementary copy of fur would be uncontrolled. That the fur phenotype is not the result of an unknown unrelated mutation is supported by the fact that we have constructed several independent fur mutants in several strains that have identical phenotypes. Nevertheless, as LysS and GlyA are not expected to be involved in iron-responsive gene regulation, the derepressed expression of several iron-regulated genes can be attributed solely to the fur mutation.
The C. jejuni fur mutant strain AV17 shows changes in growth characteristics similar to those of a P. aeruginosa fur mutant (23) . The growth rate of the fur mutant was clearly lower than that of the wild-type strain under both low-and high-iron conditions. The difference between the final OD 600 under high-iron conditions is due to the fact that the late exponential growth phase is much longer under high-iron conditions than under low-iron conditions. This finding clearly indicates that the fur mutant does not suffer iron overload under iron-replete conditions, unlike the Y. pestis fur mutant (44) . In the P. aeruginosa fur mutant, siderophore-mediated iron uptake was defective (23) , which might explain the apparent absence of intracellular iron overload. Whether a similar phenomenon spares the C. jejuni fur mutant from high-iron stress remains to be determined.
By comparing protein profiles, we were able to identify seven proteins whose expression is iron regulated in C. jejuni NCTC 11168 but not in the fur mutant. The N-terminal amino acid sequences of three of these proteins were determined. The genes encoding two of these proteins have been described previously, whereas the N-terminal sequence of the third protein does not match any sequence in the databases.
The 75-kDa outer membrane protein was identical to C. coli CfrA (20) . This protein shows significant homology to putative ferric siderophore receptors of Bordetella bronchiseptica and V. cholerae, though the cognate ligand of CfrA is unknown (20) . Mutants in CfrA were still able to utilize enterochelin, hemin, and ferrichrome (20) . Although CfrA has been previously shown to be iron regulated (17, 20, 38) and putative Fur boxes were identified within its putative promoter region, it had not been proven to be Fur regulated. While expression of CfrA is derepressed in the fur mutant, expression levels are not as high in the fur mutant as in the wild type. Thus, there might be other regulatory systems involved in repressing expression of CfrA. The N-terminal amino acid sequence of ChuA did not show any homology with sequences in the database. C. jejuni mutants lacking expression of this protein were shown to be unable to utilize hemin and hemoglobin (38) , and so ChuA is likely to be the receptor for these compounds. We have identified most of the gene encoding ChuA (55) and have searched the preliminary C. jejuni genome sequence (http://www.sanger .ac.uk/Projects/C_jejuni/) for the regions upstream and downstream of chuA. The downstream genes resemble a typical ABC transporter operon containing a cytoplasmic membrane permease, ATP-binding protein and periplasmic binding protein (ChuB, ChuC, and ChuD, respectively). The predicted amino acid sequence of ChuA shows significant homology to outer membrane siderophore receptors of several other bacterial species and also to CfrA (55) . The putative promoter region of ChuA contains a Fur box homologue, but this needs confirmation.
The 19-kDa periplasmic protein was identical to p19, a protein present in all C. jejuni and C. coli strains tested (24) . It had not been identified previously as being iron regulated. While no function in either iron uptake or iron utilization can be attributed to this protein at this point, the N terminus shows homology with a 20-kDa protein of a magnetotactic bacterium which is involved in magnetosome synthesis (14) . As for the identities of the three other periplasmic proteins, it is very likely that the Irp36 protein is CeuE (37, 40) , the periplasmic component of an enterochelin uptake system. No attempt was made to sequence this protein, as CeuE is blocked at the N terminus (36) . Further support for Irp36 being CeuE arises from the identification of an iron-and Fur-regulated 36-kDa protein by 2-D gel electrophoresis; this protein has a pI of approximately 9.5, whereas the calculated pI for CeuE is 9.18 (data not shown). Based on MW and pI (data not shown), it is likely that the Irp29 protein is the periplasmic binding protein, designated ChuD, whose gene was identified downstream of chuA. This awaits further confirmation.
Interestingly, the expression of two iron-regulated cytoplasmic proteins, alkyl hydroperoxide reductase (AhpC) and catalase (KatA), was not derepressed in the fur mutant. This was surprising, as the promoter regions of both the ahpC and katA genes have a sequence which closely resembles the E. coli Fur box consensus sequence (2, 19) . This could mean that these genes are not in fact Fur regulated or that additional multiple levels of regulation exist. In several other bacteria, AhpC and KatA are positively regulated by the OxyR protein in response to oxidative stress (12, 16, 34) . It is possible that C. jejuni does not have an oxyR homologue, as this gene is not present in the genome of Helicobacter pylori (52) . H. pylori is a close relative of C. jejuni, and the two are similar with respect to genome size and codon usage. Whether multiple levels of regulation of oxidative stress defense proteins exist in C. jejuni remains to be elucidated. The fur mutant was slightly less resistant to the oxidative stress inducers hydrogen peroxide and cumene hydrogen peroxide (data not shown), which is consistent with the observation that AhpC and KatA are expressed at lower levels in the fur mutant. Regulation of oxidative stress genes by metal ions and a Fur homologue (designated PerR) has been recently described for Bacillus subtilis (6) , and the identification of sequences encoding a putative second fur homologue of C. jejuni in the genome sequence makes it likely that C. jejuni possesses a homologous mechanism (55) .
Further identification of members of the C. jejuni iron and Fur regulons by using 2-D gel electrophoresis showed few proteins to be regulated by iron or Fur compared to other bacteria (Fig. 5) (18, 29, 44, 50) , possibly because Campylobacter species have comparatively small genomes (estimated to be 1,700 kb) and can utilize relatively few iron compounds. However, the detection of iron-and Fur-regulated proteins could be made more sensitive by incorporation of radioactive labels in proteins.
Knowledge of the mechanisms of virulence and their regulation in Campylobacter is scant. This study is the first description of a mutation in a regulatory gene in Campylobacter and the subsequent characterization of its regulon. Future work will focus on the cloning and characterization of the genes encoding the members of the iron and Fur regulons of C. jejuni.
